Growth and Differentiation Factor 1 (GDF-1) has been implicated in left-right patterning of the mouse embryo but has no other known function. Here, we demonstrate a genetic interaction between Gdf1 and Nodal during anterior axis development. Gdf1 −/− ;Nodal +/− mutants displayed several abnormalities that were not present in either Gdf1 −/− or Nodal +/− single mutants, including absence of notochord and prechordal plate, and malformation of the foregut; organizing centers implicated in the development of the anterior head and branchial arches, respectively. Consistent with these deficits, Gdf1
Introduction
The most common malformation of the human forebrain is caused by defects in the anterior midline, resulting in holoprosencephaly (Roessler and Muenke, 2001) . Several different signaling pathways have been implicated in forebrain development by either transducing instructive signals arising from the underlying prechordal plate or by being directly expressed in the developing forebrain (Monuki and Walsh, 2001 ). The prechordal plate constitutes the anterior end of the axial mesendoderm and is thought to promote ventral midline development by secreting Sonic hedgehog (Shh) and other inductive cues (Chiang et al., 1996; Kiecker and Niehrs, 2001; Stern, 2001 ). Nodal belongs to the Transforming Growth Factor-β (TGF-β) superfamily of ligands and has been shown to be necessary for the formation of the axial mesendoderm (Lowe et al., 2001) , which specifies the notochord, prechordal plate, and anterior definitive endoderm (Camus et al., 2000; Vincent et al., 2003) . Targeted deletion studies in mice have demonstrated that lack of Shh or reduced Nodal signaling results in holoprosencephaly (Chiang et al., 1996; Lowe et al., 2001) . The importance of Shh and Nodal for the development of holoprosencephaly is also supported by genetic studies in humans (Roessler and Muenke, 2001) . Moreover, mice that were trans-heterozygous for mutations in Nodal and smad2, which encodes a downstream mediator of Nodal signaling, displayed similar malformations . Together, these findings highlight Developmental Biology 293 (2006) 370 -381 www.elsevier.com/locate/ydbio the importance of Nodal signaling during forebrain development but leave open the possibility that other ligands of the TGF-β superfamily -particularly those activating similar intracellular pathways -could converge with Nodal to jointly mediate these effects. Members of the TGF-β superfamily include more than 30 different proteins that signal through a heteromeric receptorcomplex consisting of type I and type II receptors with intrinsic serine-threonine kinase activity (Shi and Massague, 2003) . Seven type I receptors -termed Activin Receptor-like Kinase (ALK) 1 to 7 -have been identified so far, which specify intracellular signaling into two major pathways by phosphorylating different sets of Smad proteins. The "funnel-like" structure of the TGF-β signaling network -i.e. 30 ligands → 7 type I receptors → 2 Smad pathways -suggests the existence of redundant and compensatory interactions between different ligands and receptors. We and others have previously shown that Nodal can signal via the type I receptors ALK4 and ALK7 (Reissmann et al., 2001; Yeo and Whitman, 2001) . Expression of the GPI-anchored co-receptor Cripto is required for Nodal signaling via ALK4 and greatly enhances its signaling via ALK7 (Reissmann et al., 2001 ). However, since ALK4 mutant mice die at gastrulation , and ALK7 is dispensable for Nodal signaling during embryogenesis in mice ), the precise functions of these two receptors remain to be defined.
Reduced Nodal signaling gives rise to several abnormalities in addition to holoprosencephaly and anterior head truncation, including randomized left-right patterning and hyposplenia (Lowe et al., 2001 ). Left-right patterning malformations have also been observed in mice carrying a targeted deletion of Growth and Differentiation Factor 1 (GDF-1), another member of the TGF-β superfamily, which was explained by the observation that GDF-1 signaling is required for expression of Nodal in the lateral plate mesoderm (Rankin et al., 2000) . Nodal expression is controlled by two distinct regulatory elements, one upstream enhancer that regulates expression in the node, and one intronic enhancer that regulates expression in the epiblast, visceral endoderm, and lateral plate mesoderm (Norris and Robertson, 1999) . Since GDF-1 is crucial for expression of Nodal in the lateral plate mesoderm, it may also affect other expression domains of Nodal that are regulated by the intronic enhancer. A complex consisting of phosphorylated Smad 2 or 3 and the transcription factor Foxh1 can bind to the intronic enhancer, thereby establishing a positive feedback loop controlling Nodal gene expression (Dunn et al., 2004; Norris et al., 2002) . GDF-1 has been shown to utilize similar receptors as Nodal, including ALK4, Cripto and ActRIIA or ActRIIB (Cheng et al., 2003) . Thus, GDF-1 may synergize with Nodal by at least two -not mutually exclusive -mechanisms, namely reinforcing Nodal expression and activating a similar set of receptors and Smad proteins.
In this study, we investigated possible synergistic functions of GDF-1 and Nodal signaling by examining genetic interactions between the Gdf1, Nodal, Alk4, and Alk7 genes in mutant mice. The results of these studies revealed novel functions for GDF-1 during anterior axis development.
Results

Genetic interaction between Gdf1 and Nodal during forebrain development
Mutant mice lacking Nodal die at gastrulation, whereas mice that are heterozygote for this mutation appear normal (Lowe et al., 2001 ). In order to examine possible genetic interactions between Gdf1 and Nodal, we generated compound mutant mice that are heterozygote for the Nodal mutation and homozygote for a null allele of the Gdf1 gene. A similar strategy has previously been exploited to reveal Nodal-dependent phenotypes in compound mutant mice carrying mutations in ActRIIA, ActRIIB, and Smad2, indicating that Nodal function is susceptible to gene-dosage effects Oh and Li, 2002; Song et al., 1999) . Gdf1 +/− and Gdf1 +/− ;Nodal +/− mice were bred to generate Gdf1 −/− ;Nodal +/− offspring. A decline in the observed frequency of this genotype with respect to the expected Mendelian ratio was already detected at E13.5 (Table 1) , indicating partial embryonic lethality during the second week of gestation. In contrast, Gdf1
−/− single mutant embryos are viable up to at least E14.5 (our own observations and Rankin et al., 2000) , which suggests an earlier onset of embryonic loss in the compound mutants.
The embryonic lethality of Gdf1 −/− ;Nodal +/− embryos correlated with variable phenotypes that were not present in either Gdf1 −/− or Nodal +/− single mutant littermates. Morphological analysis of affected Gdf1 −/− ;Nodal +/− embryos revealed that they developed within the yolk sac and had paired somites as normal embryos. However, they failed to develop anterior neural folds, resembling the type I phenotype previously described in mice carrying a Nodal hypomorphic allele (Lowe et al., 2001) . Holoprosencephaly, in association with gross rostral truncation and cleft lip, was observed in 68% of Gdf1 −/− ; Nodal +/− embryos examined at E13.5 (n = 19) (Figs. 1C, D, F) . Two embryos that showed split face and exencephaly, however, did not display holoprosencephaly (Fig. 1E) . Embryos with holoprosencephaly showed a thickening of the diencephalon and a recessed third ventricle that failed to expand ventrally (Fig. 1G) . No forebrain defects were detected in any Gdf1 −/− or Nodal +/− single mutant mice (Fig. 1B and data not shown), indicating synergistic interactions between GDF-1 and Nodal during development of the forebrain. Expected frequency was 12.5%.
GDF-1 and Nodal are necessary for the development of the notochord and prechordal plate
In order to determine the mechanisms underlying anterior malformations in Gdf1 −/− ;Nodal +/− mutant embryos, we examined the expression of a panel of markers at early stages of embryonic development using whole-mount in situ hybridization. FoxA2 (HNF3β) and Goosecoid (Gsc) are two markers of the anterior primitive streak, from which the axial mesendoderm is later derived, and have been shown to function synergistically in the specification of anterior mesendodermal precursors (Filosa et al., 1997) . At mid-streak stage, Gdf1 −/− ; Nodal +/− mutant embryos often showed decreased FoxA2 expression in the anterior primitive streak (88%, n = 8) ( Fig.  2A) , while Gsc expression was either greatly reduced or absent in this structure (100%, n = 4) (Fig. 2B) . The elongation of the primitive streak in Gdf1 −/− ;Nodal +/− mutant embryos was evaluated by examining the expression of Brachyury (T), which normally marks mesodermal cells along the primitive streak and axial mesendoderm that will later give rise to the notochord and prechordal plate. Although the elongation of the streak was not disrupted in Gdf1 −/− ;Nodal +/− mutant embryos, the axial mesendoderm cells that normally migrate anteriorly from the node were greatly reduced in half of the mutant embryos examined (50%, n = 8) (Fig. 2C) . Single mutant embryos for Gdf1 −/− or Nodal +/− did not show defects in the anterior primitive streak or the axial mesendoderm (Figs. 2A, C) . Together, these data indicate that GDF-1 and Nodal function synergistically in the anterior primitive streak to promote the formation of axial mesendoderm.
Nodal signaling has been shown to control the specification of axial mesendoderm precursors into progenitors of the prechordal plate and notochord (Rossant and Tam, 2004; Vincent et al., 2003) . In order to assess the development of these structures in Gdf1 −/− ;Nodal +/− mutant embryos, we examined the expression of gsc, T, Shh, and FoxA2 at different post-gastrulation stages. Gsc, a marker of the prechordal plate, was significantly downregulated in all Gdf1 −/− ;Nodal +/− mutant embryos examined at late headfold stage (100%, n = 4) ( Fig. 2D ). At E8.5, expression of T could still be detected in the regressing primitive streak of mutant embryos but was often partially or completely missing in the notochord (44%, n = 9) (Fig. 2E ). Sections through embryos stained with T confirmed that, while T expression in the regressing primitive streak appeared normal -or only slightly downregulated (Figs. 2F, G) -the notochord was absent in the most severely affected Gdf1 −/− ;Nodal +/− mutant embryos (Figs. 2H, I ). At E9, expression of Shh -which normally marks the notochord at this stage -was anteriorly truncated in all Gdf1 −/− ;Nodal +/− mutant embryos examined (100%, n = 5) (Fig. 3A) . Axial mesendoderm is a potent inducer of floorplate character in the overlying neural tube. Consistent with the absence of prechordal plate and notochord in Gdf1 −/− ; Nodal +/− embryos, FoxA2 was significantly downregulated in the floor-plate of mutants showing anterior truncation (83%, n = 6) (Figs. 3B-D).
Specification of the neural plate in E8.5 Gdf1 −/− ;Nodal +/− mutant embryos was evaluated by assessing expression of Six3, Engrailed-2 (En-2), and Krox20, which mark subpopulations of cells in the forebrain, midbrain, and hindbrain regions, respectively. Consistent with their abnormal anterior axial development, neural plate defects were restricted to the forebrain in Gdf1 −/− ;Nodal +/− mutants. Thus, while expression of En-2 and Krox20 could be detected in all the mutants examined (100%, n = 5 and n = 7, respectively) (Figs. 3E, F), Six3 expression was variably affected, ranging from no difference to complete loss in the most affected embryos (43%, n = 7) (Fig. 3E ). Although expression of Krox-20 in rhombomeres 3 and 5 appeared normal even in the most affected mutants (Fig. 3E) , the expression domain of En-2 was tilted ventrally as a result of anterior truncations in the mutants (Fig. 3F) . Thus, while the Gdf1 −/− ;Nodal +/− mutation did not affect the overall regionalization of the neural plate, deficits in anterior axial development resulted in forebrain abnormalities of variable penetrance in the mutants. Together, the results from these analyses indicate that GDF-1 and Nodal function synergistically in the specification of the prechordal plate and notochord, which in turn are necessary for the normal development of anterior structures in the neural plate. ;Nodal +/− mutant (G, I) embryos through the planes indicated in panel E. While some expression of T in the regressing primitive streak (ps) could still be observed in both wild-type and mutant embryos (F, G), the notochord (nt) was absent in severely affected Gdf1 Genetic interaction between Gdf1 and Nodal during development of the foregut endoderm and structures derived from the first branchial arch
The first branchial arch gives rise to the jaws, nasal septum, and distal parts of the tongue, whereas the second branchial arch gives rise to different structures such as the bony parts of the ear (Kontges and Lumsden, 1996) . Defects in structures derived from the first branchial arch were observed in 67% of Gdf1 −/− ;Nodal +/− mutant embryos examined between E10 and P0 (n = 15). Strongly affected embryos lacked both tongue and jaw as shown by the absence of mandibles in skeleton preparations (Figs. 4A-D) . In mildly affected embryos, the distal part of the tongue was not formed, whereas the base of the tongue and jaw were still present (Figs. 4E, F) . Other defects found in Gdf1 −/− ;Nodal +/− mutants included a fused nasal cavity due to a hypomorphic nasal septum (Figs. 4G, H) , which is a midline defect often associated with holoprosencephaly. No defects in structures arising from the second brachial arch could be detected, as indicated by a normal complement of ear bones (Fig. 4D) . First branchial arch malformations did not always coincide with holoprosencephaly, suggesting that patterning of these two regions depend on independent signaling events.
In comparison to the forebrain, relatively less is known about the identity of the inductive signals involved in branchial arch formation. Previous studies have indicated that development of the first branchial arch into structures such as the jaw may depend upon signals from an organizing center located in the foregut endoderm (Couly et al., 2002; Kirby et al., 2003; Petryk et al., 2004; Zakin and De Robertis, 2004) . Consistent with this notion, the rostral part of the foregut diverticulum widens laterally to form the first branchial pouch and is therefore in close proximity to the developing branchial arches. As the foregut endoderm is also a derivative of the axial mesendoderm (Tam and Beddington, 1992) , we investigated possible abnormalities in foregut endoderm development in Gdf1 −/− ; Nodal +/− mutant embryos by examining the expression of FoxA2 and Hex, two markers expressed during early foregut development. FoxA2 stains the foregut endoderm as it forms the foregut diverticulum, and was found to be downregulated in 50% of Gdf1 −/− ;Nodal +/− embryos examined at E8.5 (n = 8) (Fig. 4I) . On the other hand, Hex marks the foregut endoderm as it extends anteriorly and has been shown to control the proliferative rate of cells at the foregut leading edge and hence the overall growth of this structure (Bort et al., 2004) . Hex expression was also found to be significantly reduced in the foregut diverticulum of E9 mutant embryos (80%, n = 5) (Figs. 4J-L). Moreover, in more anterior sections, it could also be confirmed that in the majority of cases the foregut in E9 Gdf1 −/− ; Nodal +/− embryos did not reach into the center of the first branchial arch as it did in wild-type embryos (Figs. 4M, N) , confirming its anterior truncation up to the level of this structure (83%, n = 6). A similar defect has been observed in Smad2 mutant mice (Vincent et al., 2003) . These sections also revealed that the first branchial arch was fused and lacked a midline division in Gdf1 −/− ;Nodal +/− mutants (Figs. 4M, N) . Together, these data are in agreement with a concomitant requirement of GDF-1 and Nodal signaling in the development of the foregut endoderm and structures derived from the first branchial arch.
Nodal expression outside the lateral plate mesoderm is independent of GDF-1 Next, we set out to establish the epistatic relationship between Nodal and Gdf1 in the control of forebrain and branchial arch development. GDF-1 has been shown to act directly upstream of Nodal during left-right patterning of the mouse embryo by controlling Nodal expression in the lateral plate mesoderm (Rankin et al., 2000) . Whether GDF-1 also regulates Nodal expression at other sites is currently unknown. In agreement with previous studies, we found that Nodal -as assessed by expression of a lacZ reporter inserted in the Nodal locus -and GDF-1 were co-expressed in the node and left lateral plate mesoderm (Figs. 5A, B) . Unlike Nodal, however, GDF-1 was also expressed in the right lateral plate mesoderm (Fig. 5B) , despite the fact that both factors affect left-right patterning in a similar manner. GDF-1 and Nodal are also coexpressed throughout the epiblast Rankin et al., 2000; Wall et al., 2000) . Nodal expression has also been detected in the roofplate of the forebrain and in a small group of cells located at the border between the first and second branchial arches at E9.5 (Varlet et al., 1997a) . This group of cells contributes to the first branchial pouch that will later give rise to the middle ear. However, GDF-1 is unlikely to exert a direct control over Nodal expression in those structures as it is not itself expressed in branchial arches or forebrain at that stage of development (Wall et al., 2000) .
In order to assess the extent to which GDF-1 controls Nodal expression in different regions of the developing mouse embryo, we compared the activity of the lacZ reporter gene inserted into the Nodal locus in Nodal +/− heterozygous and Gdf1 −/− ;Nodal +/− double mutants. β-gal activity in early streak stages was not affected by the lack of GDF-1 (n = 7) (Fig. 5C ), indicating that GDF-1 does not act upstream of Nodal in this structure. In agreement with previous results, β-gal activity was drastically reduced in the lateral plate mesoderm of Gdf1 −/− ; Nodal +/− mutants at E8 (5-8 somite embryos) (Rankin et al., 2000) but was still detected in the node (n = 7) (Fig. 5D) . We could neither detect any reduction in β-gal activity in the first branchial pouch of Gdf1 −/− ;Nodal +/− mutants compared to Nodal +/− embryos, despite the obvious malformation of the first branchial arch in the double mutants (n = 5) (Figs. 5E, F) . Likewise, β-gal activity could still be detected in the roofplate of Gdf1 −/− ;Nodal +/− mice that displayed overt holoprosencephaly (n = 5) (Figs. 5G, H) , indicating that the onset and maintenance of Nodal expression in this structure is ;Nodal +/− embryo with holoprosencephaly (H), β-gal activity did not extend into the forebrain vesicle as observed in Nodal +/− counterparts. In a Gdf1 −/− ;Nodal +/− embryo with exencephaly (I), β-gal activity could still be detected, but remained confined to the edges of the neural tube that did not close. independent of GDF-1. Normal levels of β-gal activity could also be detected in one Gdf1 −/− ;Nodal +/− embryo with exencephaly but in an abnormal pattern, confined to the edges of the neural tube that did not close (Fig. 5I) . Thus, we conclude that, although GDF-1 is upstream of Nodal in the lateral plate mesoderm, it is dispensable for Nodal expression in the epiblast, node, forebrain roofplate, and first branchial arch, indicating that the two factors act in parallel to control the development of those structures.
GDF-1 and Nodal can signal through either ALK4 or ALK7 in vitro, but utilize ALK4 in vivo GDF-1 has previously been shown to signal via the type I receptor ALK4 in collaboration with the type II receptors ActRIIA or ActRIIB, resulting in phosphorylation of Smad2 and Smad3 (Cheng et al., 2003) . On the other hand, Nodal has been shown to utilize either ALK4 or ALK7 in complex with the same type II receptors (Reissmann et al., 2001; Yeo and Whitman, 2001) . The similarity of GDF-1 and Nodal signaling prompted us to examine whether GDF-1 may also signal through ALK7 in collaboration with ActRIIB. Receptor activity was monitored in the human hepatoma cell line HepG2 transfected with expression plasmids for GDF-1 and the appropriate receptors, together with reporter constructs carrying the promoter from the Plasminogen Activator Inihitor-1 (PAI-1) gene upstream of a luciferase gene (p3TP-luc) or only the Smad3-binding element of the PAI-1 promoter repeated twelve times upstream of the luciferase gene (CAGA-luc) (Dennler et al., 1998) . Significant reporter activity could only be seen following transfection of GDF-1 together with both ALK7 and ActRIIB (Fig. 6A) . Using the CAGA-luc construct, the same receptor combination could be activated in a dose-dependent manner by co-transfected GDF-1 (Fig. 6B) . Thus, similar to Nodal, GDF-1 can use ALK7 in collaboration with ActRIIB to activate Smad3-dependent reporter genes.
In order to determine which type I receptor mediates the effects of GDF-1 and Nodal signaling during anterior axis development, we generated compound mutant mice that were triple heterozygote for Gdf1, Nodal, and Alk4 (Gdf1 +/− ; Nodal +/− ;Alk4 +/− ) or Gdf1, Nodal and Alk7 (Gdf1 +/− ;Nodal +/− ; Alk7 +/− ), and assessed whether the mutant receptor alleles influenced the appearance of anterior axis defects in these mice. Three out of 19 Gdf1 +/− ;Nodal +/− ;Alk4 +/− mutant embryos were found to resemble some of the phenotypes seen in Gdf1 −/− ;Nodal +/− double mutants, while none of the 16 Gdf1 +/− ;Nodal +/− ;Alk7 +/− mutant embryos examined revealed any abnormal phenotype (Figs. 6C-E) . Sections of affected Gdf1 +/− ;Nodal +/− ;Alk4 +/− embryos clearly showed a single forebrain vesicle and a fused nasal cavity (Figs. 6F-I) . No malformations were seen in any embryo with a lower number of mutant alleles.
The relative low incidence of malformations in Gdf1 +/− ; Nodal +/− ;Alk4 +/− triple heterozygous suggested that there were significant compensations by the remaining alleles, and prompted us to examine Gdf1 −/− ;Alk4 +/− double mutant embryos in which GDF-1 was totally absent. Indeed, Gdf1 −/− ; Alk4 +/− mutants more closely resembled Gdf1 −/− ;Nodal +/− mutants, with 33% (3 out of 9) Gdf1 −/− ;Alk4 +/− embryos displaying anterior truncations, holoprosencephaly, and -in one case -cyclopia at E13.5 (Figs. 7A-C) . In order to establish whether these abnormalities originated in early deficits similar to those observed in Gdf1 −/− ;Nodal +/− mutants, we examined expression of FoxA2 in the anterior primitive streak, and T in primitive streak and axial mesendoderm. In agreement with our observations in Gdf1 −/− ; Nodal +/− embryos, FoxA2 was significantly downregulated in the anterior primitive streak of all Gdf1 −/− ;Alk4 +/− mutants examined (100%, n = 7) (Fig. 7D) . Moreover, we found decreased expression of T in the axial mesendoderm in a subset of Gdf1 −/− ;Alk4 +/− mutant embryos (30%, n = 10) (Fig.  7E) . Single mutants for Gdf1 −/− or Alk4 +/− did not show decreased expression of FoxA2 or T (Figs. 7D, E) , supporting a synergistic interaction between Gdf1 and Alk4. Thus, these data indicate that similar developmental abnormalities underlie the phenotypes of Gdf1 −/− ;Alk4 +/− and Gdf1 −/− ;Nodal +/− mutant embryos. We also generated a number of Gdf1 −/− ; Alk7 −/− compound mutants which however did not show any of the phenotypes described in this study (data not shown), supporting the notion that ALK7 is dispensable for Nodal and GDF-1 signaling during embryogenesis.
Expression of ALK4 has previously been described in detail during primitive streak stages , and it is possible that GDF-1 and Nodal signal exclusively via ALK4 during gastrulation due to a more restricted expression of ALK7. We therefore examined ALK7 expression during primitive streak stages using both in situ hybridization and the activity of the lacZ reporter gene inserted into the Alk7 locus of mutant mice . However, the expression of ALK7 was below the limit of detection (data not shown), which suggests that ALK4, and not ALK7, may be indispensable for GDF-1 and Nodal signaling during gastrulation due to its specific temporal and spatial expression pattern. Together, our results suggest that, although both Nodal and GDF-1 can interact with ALK7, their signaling in vivo during anterior axis development is mediated by ALK4. Moreover, the fact that Nodal-like phenotypes could be obtained in Gdf1 −/− ;Alk4 +/− mutants despite having a wild-type complement of Nodal alleles indicates that GDF-1 can contribute independently of Nodal to the activation of ALK4 receptors during patterning of anterior structures.
Discussion
GDF-1 collaborate with Nodal during embryogenesis
In this study, we describe several phenotypes associated with loss of GDF-1 and reduced Nodal signaling during mouse development. These malformations have previously been observed in mice carrying mutations in components of the Nodal signaling pathway and therefore thought to be exclusively due to perturbations in Nodal function. The transcription factor FoxH1 has been shown to be the major mediator of Nodal signaling during embryogenesis (Hoodless et al., 2001; Yamamoto et al., 2001) . It is likely that GDF-1 signaling also relies on FoxH1 activity in the anterior primitive streak, since malformations found in a subset of FoxH1 mutant embryos (i.e., type I embryos) are similar to those we found in Gdf1 −/− ;Nodal +/− embryos. FoxH1 mutants differ however from Gdf1 −/− ;Nodal +/− embryos in that elongation of the primitive streak is impaired in the former but not in the latter, as a consequence of FoxH1 ability to maintain Nodal expression in the anterior portion of the streak (Yamamoto et al., 2001) . It is possible that this Nodal-FoxH1 positive feedback loop is to a large extent cell autonomous, and that GDF-1 may not be able to affect it if expressed in nearby cells. The fact that primitive streak elongation proceeds normally in Gdf1 −/− ;Nodal +/− embryos is consistent with Nodal expression in the streak and node being independent from GDF-1.
Gdf1
−/− ;Nodal +/− compound mutants display defects in derivatives of the anterior primitive streak FoxA2 is required during formation of the node, midline, and invagination of the foregut (Ang and Rossant, 1994) . During gut formation, cells from the definitive endoderm migrate anteriorly from the anterior primitive streak to displace the visceral endoderm and form the foregut diverticulum. Consistent with a downregulation of FoxA2 in the anterior primitive streak, and of FoxA2 and Hex in the definitive endoderm, a restricted foregut invagination was observed in Gdf1 −/− ; Nodal +/− mutants. This phenotype has previously been detected in FoxH1, Smad2, and chimeric Nodal −/− mutant embryos (Hoodless et al., 2001; Varlet et al., 1997b; Vincent et al., 2003) . The fact that the foregut diverticulum still forms despite poor specification of the definitive endoderm has been attributed to the contribution of cells derived from the visceral endoderm to the gut tube. It is therefore possible that the foregut in Gdf1 −/− ; Nodal +/− mutant embryos is at least in part populated by cells derived from the visceral endoderm.
Deletion of Gsc results in numerous of craniofacial malformations, but no gastrulation or axial defects (Rivera-Perez et al., 1995; Yamada et al., 1995) . However, Gsc has been shown to genetically interact with FoxA2 in the anterior primitive streak of Gsc −/− ;FoxA2 +/− mutants, resulting in defects in the foregut, forebrain and branchial arches (Belo et al., 1998; Filosa et al., 1997) . Similar defects have also been observed in FoxA2 +/− ;Nodal +/− mutants -but not in Gsc −/− ;Nodal +/− mutant embryos (Belo et al., 1998 ) -suggesting that there is a fine balance of signaling strength in which both ligands and transcription factors interact to specify derivatives of the anterior primitive streak. It would therefore be interesting to examine genetic interactions between Gdf1, FoxA2, and Gsc to elucidate the degree to which GDF-1 may act independently of Nodal during gastrulation.
Similarities and differences between GDF-1 and Vg1 orthologs GDF-1 has been proposed to be a mammalian ortholog of Xenopus, chicken, and zebrafish Vg1, due to their sequence similarity and the fact that both GDF-1 and Vg1 regulate leftright patterning (Wall et al., 2000) . Moreover, GDF-1 can induce mesendoderm and axial duplication when expressed in Xenopus embryos, thereby mimicking Vg1 function (Wall et al., 2000) . In Xenopus embryos, studies with a dominant negative mutant form of Vg1 and with antisense constructs support a requirement for this protein in organizer maintenance during gastrulation and mesoderm induction (Birsoy et al., 2006; Joseph and Melton, 1998) . Importantly, these experiments also suggested that the initial induction of the organizer can take place in the absence of Vg1. In contrast, Vg1 has been proposed to act upstream of Nodal during induction of the organizer in chick embryos (Skromne and Stern, 2001 ). Misexpression of Vg1 in the marginal zone of avian embryos has been shown to induce primitive streak formation, and co-expression with Wnt resulted in ectopic primitive streaks (Skromne and Stern, 2001 ). Thus, it seems that the requirement of Vg1/GDF-1 signaling during gastrulation differs between species; this variability may in turn depend upon different degrees of synergy between Nodal and its related factors.
GDF-1 and Nodal act in a dose-dependent fashion
Previous analyses of Gdf1
−/− mutants had demonstrated the role of this factor in left-right patterning but did not reveal any abnormalities in anterior axis formation (Rankin et al., 2000) . Our results indicate that GDF-1 contributes to the normal development of anterior structures together with Nodal, demonstrating how ligands and receptors of the TGF-β superfamily can collaborate to form a robust signaling network. GDF-1's contribution could be revealed by reducing Nodal signaling in compound mutant mice, in which GDF-1 then became necessary for the formation of the prechordal plate, notochord, and foregut endoderm. While evaluating left-right patterning defects in our colony, we detected a 20% incidence of right pulmonary isomerism in Gdf1 +/− ;Nodal +/− double heterozygotes but none among the single mutants (data not shown), reflecting the synergistic interaction of the two factors during left-right patterning. Unlike Gdf1 −/− ;Nodal +/− mutants, however, no forebrain or branchial arch malformations could be detected in the double heterozygote mutants, indicating that higher levels of combined Nodal/GDF-1 signaling are required for appropriate left-right patterning than for anterior axis development. This is in agreement with previous observations on the importance of graded Nodal signaling for the selective allocation of axial mesendoderm precursors during the formation of the anterior definitive endoderm and prechordal mesoderm (Vincent et al., 2003) . The importance of dosedependent Nodal signaling may also underlie the phenotypic variability observed in Gdf1 −/− ;Nodal +/− embryos. It is possible that Gdf1 expression may normally help to buffer intrinsic variability in Nodal levels that could otherwise arise from its complex regulation, which includes a potent positive feedback loop. In the absence of GDF-1, a single Nodal allele may only occasionally reach the signal strength threshold that is required for normal development.
Unlike the situation in the lateral plate mesoderm, Nodal expression in the node, epiblast, forebrain roofplate, and branchial arches was not dependent on GDF-1, indicating that GDF-1 does not act upstream of Nodal during the formation of these structures, but rather that both factors contribute in parallel to anterior axis development. Together with previous work, our present results suggest that Nodal and GDF-1 cooperate to promote different biological effects in a dosedependent fashion, thereby extending the notion of graded signaling to encompass the effects of two different factors that converge on a common set of receptors and intracellular mediators. Given their high degree of convergence on a limited set of receptors and signaling proteins, this mode of action may be widespread among several other members of the TGF-β superfamily.
Experimental procedures
Mouse strains and PCR primers
